1. Introduction {#s0005}
===============

Infectious diseases are the leading cause of death worldwide [@b0005], and rank as the third highest cause of death in Canada and the USA after malignant neoplasms and cardiovascular disease [@b0010], [@b0015]. The rapidly growing global population, the rise of antimicrobial resistance, and recent resurgence in the incidence of infectious disease, most notably tuberculosis and smallpox, highlight the severity of the threat [@b0020].

Pathogen surveillance is critical to diagnosis, control, and prevention of infectious diseases. Technology in the area of routine pathogen detection in the laboratory and the clinic has been slow to develop. Common diagnostic and surveillance methods include culture, biochemical tests, and antibody-based methods (e.g., agglutination and enzyme-linked assays) [@b0025]. Definitive identification involves the amplification-based methods of regular and real-time PCR (quantitative PCR, or qPCR) [@b0030]. Although fast and sensitive, PCR and qPCR are too complex to carry out in a basic clinical laboratory setting lacking highly-trained personnel. There is continued need for point-of-care assays that are simple, sensitive, and economical.

Aptamers are a class of flexible reagents with the potential to play a role in point-of-care assays. This group of synthetic nucleic-acid molecules can be generated *in vitro* against virtually any target molecule. The affinity of aptamers for their targets is comparable to, or even higher than, most monoclonal antibodies. Typical dissociation constants for aptamer-target complexes are found in the picomolar to low micromolar range [@b0035]. Aptamers possess key advantages over antibodies due to their increased flexibility and the nature of *in vitro* evolution. They have low variability between batches, do not rely on animals for their production, can be created against toxic or non-immunogenic targets, are economical and fast to produce, and can be synthesized against a complex target without prior knowledge of a specific target molecule or without purifying a known target molecule.

Aptamers can be chemically modified and incorporated into a variety of simple assays for pathogen detection, as well as more complex assay formats, including flow cytometry, cell imaging, and aptamer-based biosensors. Aptamers have long shelf-lives and they can be used to coat surfaces and devices for point-of-care testing applications. These devices could potentially be re-useable after heating due to the thermal stability of aptamers.

This article discusses aptamer technology pertinent to pathogenic targets. The objective is two-fold:(1)to summarize and to evaluate recent developments in the selection of aptamers against pathogens; and,(2)to evaluate the analytical applications of these aptamers.

2. Selection of aptamers against pathogenic targets {#s0010}
===================================================

2.1. Selection of aptamers against purified molecular targets {#s0015}
-------------------------------------------------------------

Aptamers can be evolved via an iterative process called **S**ystematic **E**volution of **L**igands by **Ex**ponential Enrichment (**SELEX**). Different SELEX methodologies have been previously reviewed [@b0040]. Briefly, a single-stranded random DNA or RNA library containing 10^14^--10^16^ unique sequences is incubated with a target of interest. The target-bound and unbound nucleic-acid sequences are separated, and the target-bound sequences are amplified for use as inputs in the next round of selection. The random nucleic-acid library typically contains 40--100 nucleotide (nt) single-stranded sequences with a randomized stretch of nts in the center and fixed primer sequences on either end. As many as 20 rounds of selection are carried out until a pool of aptamer sequences with high target affinity is obtained. These aptamers can then be cloned and sequenced.

Most aptamers selected against pathogenic targets have been evolved using purified target molecules, using the common SELEX procedures ([Fig. 1](#f0005){ref-type="fig"} ). It is easier to obtain high-affinity aptamers in fewer rounds of SELEX with a purified target. Various bacterial or viral molecules have been used, mostly proteins. Carbohydrates have also been targeted including the lipopolysaccharide (LPS) of *E. coli* O111:H4 and cell-surface extracts of *C. jejuni* [@b0045], [@b0050], [@b0055]. [Table 1](#t0005){ref-type="table"} summarizes molecules purified from pathogens against which aptamers have been selected. The use of amino-acid side-chain mimics in nt structure is a recent breakthrough that has allowed aptamers to be selected against previously impossible protein targets [@b0060]. In the future, aptamers incorporating such chemical modifications will probably expand the SELEX target repertoire even further.Figure 1Conventional SELEX for generating DNA aptamers [@b0040]. A random DNA library, typically containing 10^14^--10^16^ unique sequences of single-stranded oligonucleotides, is incubated with the target molecule of interest. The target-bound and unbound sequences are separated, and the target-bound sequences are amplified by PCR for use as inputs in the next round of selection. The reiterated rounds of selection are carried out to generate a pool of aptamer sequences that have high affinity for the target molecule. These aptamers are then cloned and sequenced.Table 1Purified pathogen molecules that have been used in selection of aptamers by SELEX**Target moleculesRef.***HIV-1*Integrase[@b0070]Reverse transcriptase[@b0075], [@b0080]Nucleocapsid protein[@b0085], [@b0090]Tat protein[@b0095]R5 SV glycoprotein (gp120)[@b0100], [@b0105]Drug-resistant reverse transcriptase[@b0110]  *Hepatitis C virus*RdRp[@b0115]NS3[@b0120]NS3 helicase[@b0125], [@b0130]3′X tail[@b0135]NS3 protease[@b0130], [@b0140]NS5B RNA polymerase[@b0145]IRES (internal ribosome entry site)[@b0135], [@b0150]  *Hepatitis B virus*HBsAg surface antigen[@b0155]  *Influenza virus*H5N1 HA protein[@b0160]  *SARS coronavirus*NTPase, Helicase[@b0165], [@b0170]  *Apple stem pitting virus*Coat proteins[@b0175]  *Foot and mouth disease virus*VP1 protein[@b0180]  *Prion proteins*PrP^sc^[@b0185]PrP^sc^ fibrils[@b0190]rPrP^sc^[@b0195]rPrP^c^[@b0200]Mammalian prion proteins[@b0205]  *Escherichia coli*Release factor 1[@b0210]Core RNA Polymerase[@b0215]Lipopolysaccharide O111: B4[@b0050], [@b0055]  *MycobacteriumM. avium* sub*.* paratuberculosis MAP0105c gene product[@b0220]*M. tuberculosis* MPT64 protein[@b0225]*M. tuberculosis* polyphosphate kinase 2[@b0230]  *Francisella tularensis*Protein lysate[@b0235]  *Campylobacter jejuni*Surface extract[@b0240]Protein lysate[@b0245]  *Salmonella enterica*serovar Typhi Type IVB pilus[@b0250]Outer membrane proteins[@b0255]  *Listeria monocytogenes*Internalin A[@b0260]  *Leishmania infantum*H2 Antigen[@b0265]  *Burkholderia pseudomallei*BipD/BopE/BPSL2748[@b0270]  *Ustilago maydis* \[corn pathogen\]RNA-binding protein Rrm4[@b0275]  *Venezuelan equine encephalitis virus*Capsid protein[@b0280]  *Bacterial toxins*Staphylococcal enterotoxin B, Cholera toxin[@b0285]Botulinum neurotoxin[@b0290], [@b0295]Shiga toxin[@b0295]

2.2. Selection of aptamers against live cells {#s0020}
---------------------------------------------

Although aptamers can be selected using purified target molecules, their applications to target whole live cells may sometimes be limited, because the binding sites of cell-surface molecules can be different from their isolated forms. As a result, whole live cells have become increasingly common SELEX targets. SELEX using whole cells allows molecules to be targeted in their native conformations on the cell surface. It also negates the need for complex purification and target-partitioning steps. Cell-SELEX against mammalian cells has been extensively reviewed [@b0065].

Bacterial cells present unique challenges over mammalian cells due to their cell-wall structure. Gram-negative bacteria possess a negatively-charged outer membrane that can repel nucleic-acid molecules. Capsules covering the surface of many pathogenic bacteria can also obscure target proteins. Both of these factors make it difficult to generate aptamers that bind to the surface molecules of bacterial cells. In addition, bacteria often grow much faster than culture cells of mammalian tissue. Short generation times lead to rapid changes in protein expression and high surface variation between cultures and colonies. Such variation can impede consistent measurement of aptamer binding.

The bacterial cell-SELEX procedure developed by our group is described in [Fig. 2](#f0010){ref-type="fig"} [@b0380]. Briefly, pathogenic bacterial cells are incubated in solution with a randomized nucleic-acid library. Cell-bound nucleic acids are separated from unbound nucleic acids via centrifugation. Cells are then washed, and cell-bound nucleic acids are eluted using low salt concentrations at high temperature. Cell-bound aptamers can also be amplified directly from the cell surface. Aptamer pools obtained after each round are screened for increased target-cell-binding affinity (e.g., by flow-cytometry analysis). Rounds of counter-selection against non-target cells, in which the sequences bound to the nontarget cells are removed, can be introduced after the first two rounds of positive selection. Alternatively, positive selection and counter-selection rounds can be alternated. These studies demonstrated the feasibility of selecting aptamers for both Gram-positive and Gram-negative bacteria. A summary of pathogenic whole cell and whole virus targets is presented in [Table 2](#t0010){ref-type="table"} .Figure 2Bacterial cell SELEX [@b0375]. A random DNA library, typically containing 10^14^--10^16^ unique sequences of single-stranded oligonucleotides, is incubated with the target bacterial cells. The mixture is centrifuged and the cells are washed to remove the unbound sequences. The cell-bound DNA sequences are eluted off, amplified by PCR, and used as a new DNA pool for the next round of selection. The reiterated rounds of selection are carried out to generate a pool of aptamer sequences that have high affinity for the target cells. These aptamers are then cloned and sequenced.Table 2Whole bacterial cells and viral particles used in selection of aptamers by SELEX**PathogensRef.**Rous Sarcoma Virus particles[@b0300]*Bacillus anthracis* spores[@b0295], [@b0305], [@b0310]Live African Trypanosomes[@b0315], [@b0320]*Trypanosoma cruzi*[@b0325]*Bacillus thurigensis* spores[@b0295], [@b0330]Human Influenza A virus particles[@b0335]Vaccinia virus particles[@b0340]*Mycobacterium tuberculosis*[@b0345]*Lactobacillus acidophilus*[@b0350]*Escherichia coli DH5α*[@b0355]MS-2 Bacteriophage particles[@b0295]Mammalian cells expressing Hepatitis C E2 envelope glycoprotein[@b0360]Vaccinia-infected mammalian cells[@b0365], [@b0370]*Staphylococcus aureus*[@b0375]*Streptococcus pyogenes*[@b0380]*Pseudomonas aeruginosa*[@b0385]*Campylobacter jejuni*[@b0390]

As another important feature of whole cell-SELEX, specific target molecules do not need to be identified or purified ahead of time. Aptamers binding to the cell surface can be used to purify and to identify their respective target molecules post-SELEX. For example, aptamers against cell-surface molecules conjugated to magnetic beads can be used to pull the target out of a cell-lysate or crude-membrane preparation via either affinity interaction or photocrosslinking. Once the aptamer-protein complexes are eluted from the magnetic beads, they can be electrophoresed and identified via mass spectrometry.

While the majori of work in post-SELEX target elucidation has been done with mammalian cells, the principles also apply to whole-cell pathogens. Aptamers derived against the surfaces of whole African Trypanosomes [@b0315] were used to identify continuously expressed proteins in the variant surface coat of *Trypanosoma brucei* including a 42-kDa protein in the flagellar attachment zone [@b0320] and a variant surface glycoprotein [@b0395]. Our group has identified a putative target of a *Lactobacillus acidophilus* specific DNA aptamer as the S-layer protein [@b0350]. We have also identified putative target molecules of several aptamers selected against Group A *Streptococcus* [@b0400].

3. Analytical applications of selected aptamers {#s0025}
===============================================

Aptamers have proved useful in a variety of assays that conventionally use antibodies, including ELISA-like assays, western blotting, flow cytometry, microscopy, affinity chromatography, and capillary electrophoresis. Also, many novel technologies (e.g., aptamer-based biosensors and nano-devices, and ligation and amplification assays) are developed by taking advantage of aptamers. Today the applications of aptamers derived via whole cell-SELEX are limited, mainly because the number of aptamers derived against viral or bacterial targets is limited. Following is a summary of whole-cell aptamer technologies that have potential applications against pathogens, or have already been applied for pathogen detection.

3.1. Sandwich assays {#s0030}
--------------------

In a traditional sandwich assay, an antibody is immobilized on a solid surface. Upon target binding, a secondary antibody attached to an enzyme (ELISA) or fluorophore is added. The secondary antibody binds to a different epitope on the target molecule than the primary antibody. Several sandwich assays using aptamers in place of antibodies have been developed to measure bacterial antigens.

An aptamer-linked immunosorbent assay was developed for detection of *Francisella tularensis* antigen [@b0235]. A mixture of 25 different aptamers was used as both a capture and detection reagent. An aptamer cocktail-coated micro-titer plate was incubated with bacterial antigen, after which a biotin-labeled aptamer cocktail was added and the bound antigen detected via streptavidin-horseradish peroxidase. The aptamer assay demonstrated specificity and affinity comparable to that of an antibody-based ELISA.

The sandwich format can also be used to screen an aptamer pool for candidates with high affinity and selectivity to pathogenic antigens. A selected ssDNA aptamer population specific for *Leishmania infantum* histone H2A protein was screened using purified recombinant H2A-coated microtiter-plate wells [@b0265]. Recovered aptamers were found to be specific for H2A after only three SELEX rounds.

3.2. Flow cytometry {#s0035}
-------------------

Flow cytometry is a common method for cell sorting, counting, and detection. Cells are passed through a flow cell individually, and forward and side-scattered light intensities are measured. A laser beam is also used to excite fluorescent molecules, and fluorescence intensity is measured. Hence, cells bound to a fluorescent probe or dye can be identified and sorted from the population.

Antibodies are often used as probes, but aptamers have been found to be equally efficient. In addition to target identification and purification, aptamers are useful probes for identification and collection of cells expressing a target molecule of interest. Flow cytometry has been used both to evaluate target recognition by an aptamer pool and to isolate cell populations expressing a target. However, there are difficulties in using aptamers for cell typing in this fashion, as discovered in a standardized flow-cytometry assay by the Ellington group [@b0405]. This problem is also faced when using antibodies in cell typing. There is not always a correlation between binding to the cell and biomarker expression on the cell surface; sometimes, the cell-SELEX procedure selects for sequences with high affinity but poor specificity.

Specific aptamer sequences can be fluorescently-labeled and used in tandem to sort bacterial cells or virus-infected cells. Cells are identified based on a distinct pattern of multiple aptamer binding. Closely-related cells give their own distinct patterns of binding to aptamers, and aptamers evolved against different cells can identify specific cells in a population. For example, SELEX carried out on vaccinia-infected cells generated a panel of aptamers with high affinity to cells expressing viral proteins [@b0370]. When used together in flow-cytometric analysis, these aptamers could identify vaccinia infection in a variety of cell lines. The aptamers also generated distinct intensities and patterns of binding dependent on the strain of vaccinia.

Another study selected aptamers against whole *Staphylococcus aureus* cells and used a fluorescently-labeled panel of five high-affinity aptamers to differentiate different *S. aureus* strains [@b0375]. The aptamers were shown to bind different cell-surface targets via a competitive flow-cytometry experiment; using five aptamers combined, rather than individually, was superior at detecting bacteria in pyogenic fluid.

Another useful way to employ flow cytometry is in determination of binding affinity between the target and the aptamer pool obtained from each round of selection. Bacterial cell-SELEX targets against which this technique has been applied include *L. acidophilus* [@b0350], *M. tuberculosis* [@b0345], *C. jejuni* [@b0390], *S. aureus* [@b0375], *P. aeruginosa* [@b0385], and *S. pyogenes* [@b0380] *.* Recently, flow cytometry was used to screen aptamers that are specific for vaccinia-virus infected A549 cells [@b0365].

Conjugation of aptamers to fluorescent nanoparticles or nanorods allows for increased fluorescence intensity over regular fluorescent labels when cells are analyzed via flow cytometry, and hence increased sensitivity of detection. Using fluorescent nanorods as aptamer scaffolds for flow cytometry can potentially render useful medium-affinity aptamers derived from cell-SELEX as assembly of aptamers on the nanorod surface increases their binding affinity [@b0415].

3.3. Aptamer biosensors {#s0040}
-----------------------

All biosensors comprise a biological molecular-recognition element (MRE\] and a signal-transduction element (STE). A classical biosensor functions to transduce target binding by the MRE into a readable output. The term *aptasensor* applies to biosensors in which an aptamer is used as one or both of these elements. Aptasensors have seen increasing use for detection of pathogens in environmental and clinical samples. An excellent review of some of these methods has been published [@b0420].

A variety of technologies have been applied to the development of aptasensors for pathogen detection. The earliest aptasensors for bacterial detection were based on an electrochemi-luminescence (ECL) sandwich format [@b0295], [@b0305], [@b0310]. SELEX was carried out using heat-killed anthrax spores as a separation matrix. Resultant ssDNA aptamers with high affinity for the spores were conjugated to magnetic beads or to biotin. The magnetic bead-aptamer conjugates acted as capture reagents and the biotinylated aptamers as reporters for detection of as few as 10 spores with a linear dynamic range of 10--6x10^6^.

Aptasensors with fluorescent labels were also used for pathogen detection. The same group that created the ECL anthrax sensor designed another sensor by conjugating aptamers selected against *Bacillus thurigensis* spores to CdSe quantum dots [@b0330]. This assay could detect as few as 1000 CFU/mL of spores.

Quantum dots were also integrated into a sandwich assay with aptamer-conjugated magnetic beads for detection of *Campylobacter jejuni* [@b0240]. Surface proteins extracted from *C. jejuni* were used as SELEX targets and the two highest affinity resultant aptamers were used as capture and detection ligands. The capture aptamer-magnetic bead conjugates could be adhered to the surface of a cuvette via a magnet, for uniform, reproducible laser excitation. Unlike the previous sensor for anthrax, this sensor detected both live and heat-killed cells at levels as low as 2.5 CFU in complex food matrices. The assay was also portable; fluorescence could be measured via bench-top or hand-held fluorometers.

A FRET-based assay was developed for detection of a peptide from foot and mouth disease (FMD) virus VP1 structural protein [@b0180]. A polyclonal mixture of aptamers was labeled with Alexa Fluor 546-14-dUTP and incubated with quencher-bound FMD peptide. Binding of the FMD peptide to the aptamers resulted in a "lights-off" response that could measure levels of FMD peptide as low as 25 ng/mL. The peptide-bound aptamers were also fixed to a solid support, and a competitive assay with introduced analyte resulted in a "lights-on" response.

A similar approach was used to detect *Escherichia coli* using aptamers evolved against *E. coli* outer membrane proteins (OMPs) [@b0050]. Aptamers were labeled with Alexa Fluor, and *E. coli* cells were heavily labeled with Black Hole Quencher (BHQ). Fluorescent aptamer/BHQ-labeled bacteria complexes were attached to a microtiter plate; upon introduction of unlabeled *E. coli* cells, the quencher-labeled cells were competed away and a measurable signal was generated. This method could detect as few as 30 unlabeled live cells.

A DNA capture-element (DCE) sensing system based on fluorescence quenching was also developed by this group for both aptamer selection and sensing of *B. thurigensis*, *B. anthracis* spores, botulinum neurotoxin and MS-2 bacteriophage [@b0420]. Magnetic beads were attached to a dual fluorescently-labeled and quencher-labeled DNA aptamer; upon interaction of the aptamer with a target cell, the dsDNA is denatured into ssDNA. This dissociates the quencher and generates a fluorescent signal. The magnetic bead-aptamer-target-cell complexes can then be purified out of solution and re-detected with a complementary DNA probe attached to a quencher.

Recently, a fiber-optic sandwich biosensor was created using a fluorescently-labeled detection aptamer and an antibody-coated optical waveguide surface for detection of *Listeria monocytogenes* in food [@b0260]. Fiber-optic biosensors measure the interaction between cells and aptamers by detecting waves emitted via excitation of a fluorescent reporter, usually an antibody. However, aptamers are ideal reagents for inclusion in such sensors. Due to their small size, aptamers exhibit high binding density on the cell surface, yielding enhanced signal and sensitivity [@b0260]. The DNA aptamer was fluorescently-labeled and found to be specific for Internalin A, an invasion protein and pathogenicity marker. This sensor could detect as few as 10^3^ CFU/mL of *L. monocytogenes,* and was successful at detecting cells spiked into chicken, beef, and turkey.

Several novel aptasensors relying on fluorescently-labeled aptamers have been developed for unlabeled Hepatitis C virus (HCV). One is a chip-based diagnostic sensor for HCV made from sol-gel immobilized anti-HCV core protein aptamers on a 96-well plate [@b0445]. A secondary fluorescently-labeled anti-core antibody was used for detection. HCV particles in infected patient sera could be detected; normal patient samples did not generate a signal.

Aptamers do not need to be fluorescently-labeled for use in pathogen sensing. Their presence can be also detected via PCR amplification. Aptamers were selected against *Salmonella typhimurium* OMPs and conjugated to magnetic beads for collection of *S. typhimurium* from chicken-carcass rinse samples and subsequent quantitative PCR detection [@b0255]. The assay had a limit of detection (LOD) of 10--100 CFU/mL of rinsate. A recirculation format of the assay was created by holding the aptamer-coated magnetic beads in place on a tube with a capture magnet, and running diluted chicken rinse through. The LOD of the recirculation assay was 4--40 CFU/mL of rinsate; both assays allow for sample processing and work on complex chicken-litter samples.

Similarly, antibody-coated magnetic beads were used to collect *E. coli* from complex samples with detection via PCR amplification of an *E. coli-*specific aptamer [@b0430]. The assay could detect as few as 10 cells/mL of sample with a linear dynamic range of the order of 10--10^7^ *E. coli*/mL, and was specific for the target cells.

Electrochemical detection has recently been applied to bacterial detection, specifically in the design of a probe for *Salmonella* Typhi detection in complex food samples [@b0435]. This probe method is rapid, portable, and label-free. The electrodes are also reusable after reconstitution in buffer. A single-walled carbon nanotube (SWCNT) layer is deposited on a glass-rod electrode. The layer is coated with an aptamer specific for *S.* Typhi type IV pili. Conformational changes induced by target cell binding to the aptamers result in a change of charge on the SWCNTs and a subsequent change in potential recorded by the electrode. This system could detect below 1 CFU/mL of sample in less than 1 min with a linear dynamic range of 0.2--10^3^  CFU/mL.

Another group developed a resonance sensor that could detect HCV helicase at levels as low as 100 pg/mL [@b0440]. The principal components of this sensor are nanomechanical microcantilevers. RNA aptamers specific to HCV helicase are attached to the cantilever surface; aptamer-target binding induces stress on the cantilever surface and a dynamic response change that can be measured.

3.4. Cell labeling and imaging {#s0045}
------------------------------

Aptamers and aptamer-nanoparticle conjugates can be labeled and used in microscopy for detection of target cells. Fluorescence microscopy is recommended as a confirmatory method to be used in addition to flow cytometry or fluorescence measurement for aptamer-based cell typing [@b0450]. Microscopy can be carried out with fluorescently-labeled aptamers and aptamer-nanoparticle conjugates.

Aptamers specific for *Trypanosoma cruzi* were used as probes to label the parasite surface fluorescently [@b0325]. Fluorescence *in-situ* hybridization (FISH) with fluorescently-labeled DNA aptamer probes has been successful at imaging *Pseudomonas aeruginosa* [@b0385]. Optical microscopy has also been used to visualize the density of cells captured by aptamers on a microfluidic device [@b0410], [@b0415].

However, there are instances where the target cell/aptamer interaction cannot be microscopically visualized. For example, a modified avidin method could detect spores binding to aptamer-coated magnetic beads; this interaction could not be visualized under the microscope [@b0295], [@b0425] -- most probably due to the hindrance from the spacing of the aptamers on the beads and the size of both the beads and the spores.

While it is easier for aptamers to label molecules on the cell surface, they have been used for intracellular imaging. Imaging of bacterial RNA in live cells (*E. coli*) has been accomplished using protein complementation regulated by the interaction of an RNA-binding protein and an aptamer [@b0455]. The RNA-binding protein is engineered to express GFP only in the aptamer-bound state; mRNA and rRNA can be tagged with aptamer and localized.

4. Therapeutic potential of aptamers {#s0050}
====================================

The inhibitory activity of certain aptamers on their target molecules has therapeutic ramifications, particularly for cell-surface molecules and receptors. Most research on therapeutic aptamers has focused on cancer therapy.

A number of inhibitory aptamers have been isolated for pathogens, including *Trypanosoma cruzi* [@b0315], [@b0320], [@b0325], Hepatitis C Virus [@b0360], SARS coronavirus [@b0165], [@b0170], *E. coli* lipopolysaccharide (LPS) [@b0045], [@b0050], and *M. tuberculosis* polyphosphate kinase 2 [@b0230].

Also, many of the aptamer-based technologies developed for chemotherapeutic drug delivery to a host cell surface could be modified for use with antimicrobials.

5. SOMAmer arrays {#s0055}
=================

The advent of slow off-rate modified aptamer (SOMAmer) technology [@b0060] has the potential to extend the applicability of aptamer-based pathogen surveillance, detection and sensing formats. Gold and colleagues [@b0060], [@b0460] developed a new generation of aptamers, termed SOMAmers, with two key innovations, utilizing chemically modified nts to generate SOMAmers with protein-like properties and employing kinetic manipulations to improve the specificity of SOMAmers.

[Fig. 3](#f0015){ref-type="fig"} shows a SOMAmer-selection process. The process begins with incorporation of modified nts (four dUTP analogs) into the DNA library by polymerase extension of a primer annealed to a biotinylated template. After separation from biotinylated templates, the DNA library containing modified nts is incubated with the target molecule. The slow off-rate enrichment and partition process is subsequently performed with the partition step of high stringency, including the use of extensive washing with large volumes. After separation of the bound DNA from the unbound DNA, the enriched DNA sequences are amplified by PCR to prepare the DNA pool for the next round of selection. Because the chemically-modified dUTP analogs in the modified DNA library and the enriched DNA pools contain functional groups that mimic amino-acid side-chains, the SOMAmers generated are thought to have some "protein-like" properties [@b0060]. The expanded chemical diversity due to the incorporation of the modified nts extends SELEX to selection of aptamers against more difficult targets (e.g., carbohydrates on microbial cell surface and wide range of protein targets). Indeed, huge potential has been demonstrated from the success of obtaining aptamers (with pool Kd values below 30 nM) against 1200 human proteins [@b0060].Figure 3SOMAmer selection technique [@b0060]. Four dUTP analogs were modified with chemical groups that mimic amino-acid side-chains. These modified nucleotides (nts) were incorporated into DNA library by polymerase extension of a primer annealed to a biotinylated template. After separation from biotinylated templates, the single-stranded DNA library containing the modified nts was incubated with the target molecule. The slow off-rate enrichment and partition process involving high stringency was used to separate and to enrich the DNA sequences that were bound to the target molecule. The bound DNA sequences were amplified by PCR and were used as new DNA pool for the next round of selection. The reiterated rounds of selection were carried out to generate a pool of SOMAmers that have high affinity for the target molecule.

SOMAmers were applied to develop a new proteomic array technology by taking advantage of both protein-binding and complementary base-pairing features of aptamers. Biotin-conjugated SOMAmers were first incubated with samples and SOMAmer-protein complexes were then captured onto streptavidin-coated beads. After washing the beads, target proteins in complexes were then modified with a NHS-biotin tag. The complexes were photocleaved from the first set of beads and challenged with a polyanionic competitor (dextran sulfate) for selective disruption of non-specific binding interactions. The complexes were further attached via the target protein biotin to a second set of avidin-coated beads. After the free SOMAmers were washed away, the bound SOMAmers were released from their targets and quantified. The number of SOMAmers was directly proportional to the number of target molecules (i.e. one SOMAmer per analyte). The utility of the SOMAmer assay was demonstrated by measuring 813 different proteins with pM levels of LODs and 7 logs of overall dynamic range. SOMAmer arrays have been successfully applied to identify novel biomarkers and proteome profiles in chronic kidney disease and non-small-cell lung cancer.

Both SOMAmer selection and array technology could potentially be developed for pathogen surveillance, typing of pathogen species and strain, and detection of microbial infection. They could enable comparison of proteome profiles between pathogens or infected and healthy individuals. Another exciting application could be high-throughput, multiplex antimicrobial resistance screening or comparison of antibiotic resistance profiles of different bacterial species or strains. Also, comparison of proteome profiles between patients could be used for diagnosis of infection and identification of potential treatment options.

6. Concluding remarks {#s0060}
=====================

Aptamers are an emerging class of reagents exciting due to their flexibility. They can be integrated into a myriad of existing and novel assay formats, and can be selected to have affinity and selectivity for virtually any target. The recent development of SOMAmer technology has opened up new targets to SELEX [@b0060].

Although initially slow to develop, selection of aptamers against bacterial and viral targets has grown steadily in recent years. Such targets include purified cell-surface components and whole cells. Aptamers have shown promise in pathogen detection, collection, and therapy. Existing diagnostic and detection technologies have been modified to include aptamers targeting bacteria and viruses. In addition, a variety of novel aptamer-based assays have been developed for pathogen detection. Many existing aptamer-based assays initially designed for cancer cells could also be used for bacterially or virally-infected cells. The assays simply need to be modified to include aptamers against pathogenic targets in lieu of cancer-related targets.

SOMAmer technology has also demonstrated the feasibility of selecting aptamers against more than 1000 targets and of aptamer arrays that can simultaneously detect hundreds of targets [@b0060]. Such aptamer-based assays for pathogenic detection can fill the existing need for rapid, reliable point-of-care testing in both the laboratory and the clinic. Also, aptamers can be extended towards much needed antimicrobial and antiviral applications.
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